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Enhancing APSIM to simulate excessive moisture effects on root growth
Abstract
Shallow water table (WT) influences crop growth and production in many major agricultural regions across
the globe. We enhanced the APSIM-soybean model to accurately simulate root depth in fields with shallow
water tables. We used data from a controlled experiment (Rhizotron facilities) that included root depth
observations for nine WT treatments to develop and calibrate the new model. Analysis indicated that
unconstrained root growth occurs until volumetric soil moisture approaches 0.03 mm/mm below saturation.
Below that threshold, root growth linearly decreases to zero at saturation. Inclusion of this factor into the
model increased accuracy of root depth simulations from R2 of 0.65 to 0.97 and reduced root mean square
error from 45 to 9 cm. Validation of root depth simulations using independent field data from Iowa, USA
(years 2016, 2017, 2018) confirmed the model. We also found that the inhibition of root growth in response
to shallow WT substantially impacted the vertical distribution of the roots in both measurements and
simulations. Overall, this work enhances the capability of APSIM in simulating production and environmental
aspects of cropping systems, especially in regions with shallow water tables typical of the Corn Belt, USA.
Keywords
Water table, Oxygen deficit, Water and nitrogen uptake, Modeling, Root distribution
Disciplines
Agriculture | Agronomy and Crop Sciences | Hydrology | Soil Science
Comments
This article is published as Ebrahimi-Mollabashi, Elnaz, Neil I. Huth, Dean P. Holzwoth, Raziel A. Ordóñez,
Jerry L. Hatfield, Isaiah Huber, Michael J. Castellano, and Sotirios V. Archontoulis. "Enhancing APSIM to
simulate excessive moisture effects on root growth." Field Crops Research 236 (2019): 58-67. doi: 10.1016/
j.fcr.2019.03.014.
Rights
Works produced by employees of the U.S. Government as part of their official duties are not copyrighted
within the U.S. The content of this document is not copyrighted.
Authors
Elnaz Ebrahimi-Mollabashi, Neil I. Huth, Dean P. Holzwoth, Raziel A. Ordonez, Jerry L. Hatfield, Isaiah
Huber, Michael J. Castellano, and Sotirios V. Archontoulis
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/agron_pubs/572
Contents lists available at ScienceDirect
Field Crops Research
journal homepage: www.elsevier.com/locate/fcr
Enhancing APSIM to simulate excessive moisture eﬀects on root growth
Elnaz Ebrahimi-Mollabashia, Neil I. Huthb, Dean P. Holzwothb, Raziel A. Ordóñeza,
Jerry L. Hatﬁeldc, Isaiah Hubera, Michael J. Castellanoa, Sotirios V. Archontoulisa,⁎
a Department of Agronomy, Iowa State University, Agronomy Hall, Ames, IA, 50011-1010, USA
b CSIRO, PO Box 102, 4350, Toowoomba, Australia
cUSDA-ARS, National Laboratory for Agriculture and the Environment, Ames, IA, 50011, USA
A R T I C L E I N F O
Keywords:
Water table
Oxygen deﬁcit
Water and nitrogen uptake
Modeling
Root distribution
A B S T R A C T
Shallow water table (WT) inﬂuences crop growth and production in many major agricultural regions across the
globe. We enhanced the APSIM-soybean model to accurately simulate root depth in ﬁelds with shallow water
tables. We used data from a controlled experiment (Rhizotron facilities) that included root depth observations
for nine WT treatments to develop and calibrate the new model. Analysis indicated that unconstrained root
growth occurs until volumetric soil moisture approaches 0.03mm/mm below saturation. Below that threshold,
root growth linearly decreases to zero at saturation. Inclusion of this factor into the model increased accuracy of
root depth simulations from R2 of 0.65 to 0.97 and reduced root mean square error from 45 to 9 cm. Validation
of root depth simulations using independent ﬁeld data from Iowa, USA (years 2016, 2017, 2018) conﬁrmed the
model. We also found that the inhibition of root growth in response to shallow WT substantially impacted the
vertical distribution of the roots in both measurements and simulations. Overall, this work enhances the cap-
ability of APSIM in simulating production and environmental aspects of cropping systems, especially in regions
with shallow water tables typical of the Corn Belt, USA.
1. Introduction
Shallow water table (WT) inﬂuence 22–32% of the global land area
including major production regions in the United States Corn Belt,
Argentina, China, and Australia (Fan et al., 2013). Crop production in
these regions is typically rainfed and crop yields depends on WT ﬂuc-
tuations caused by seasonal precipitation and landscape topography. In
drought years shallow WTs beneﬁt crop yields (Rizzo et al., 2018) while
in wet years shallow WTs reduce crop yields (Nosetto et al., 2009) and
increase economic loss (Rosenzweig et al. 2002). In the US, historical
data show that total amount of annual precipitation and number of
extreme precipitation events have increased in the Midwest, while fu-
ture projections show increasing intensity of storms and a shifting of
rainfall patterns toward spring precipitation (Melillo et al., 2014). Crop
production will likely become more vulnerable with this increased
climate variability.
Crop simulation models are the primary tools available to assess the
potential consequences of weather variation and to evaluate adaptive
strategies at ﬁeld to regional scales (Jones et al., 2017). Although crop
models have been reﬁned regularly to increase their predictive and
explanatory power, knowledge gaps limit their usage, especially in
regions with shallow WTs. This is because crop models have been de-
veloped for normal agricultural soils, especially under semi-arid en-
vironments without WT inﬂuence (Wang and Smith, 2004). As a con-
sequence, crop models have the mechanisms to simulate water
limitations on soil-crop-atmospheric processes but a more limited ca-
pacity to simulate excessive water impacts (Warren et al., 2015; Shaw
and Meyer, 2015).
A synthesis of 2200 global root observations revealed strong sensi-
tivities of rooting depth to local soil water proﬁles (Fan et al., 2017). In
well-drained uplands, rooting depth follows water inﬁltration depth; in
waterlogged lowlands, rooting is shallow, avoiding oxygen stress below
the WT. Modelers have developed empirical and mechanistic ap-
proaches to account for excessive moisture impacts on root depth and
crop yields. Empirical approaches include consideration of only a small
portion of the entire soil proﬁle (e.g. 60 cm) in the estimation of water
supply to the crop (Singh et al., 2007) or a reduction in crop yield as a
function of number of days with WT shallower than 30 cm from the
surface (Evans et al., 1991). Mechanistic crop models calculate a dy-
namic aeration stress factor that can reduce potential biomass pro-
duction (EPIC, Williams et al., 1989), potential transpiration (Aqua-
crop, Steduto et al., 2009), photosynthesis (APSIM sugarcane, Keating
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et al., 1999), and/or root attributes as soil moisture approaches sa-
turation (CERES-maize, Rosenzweig et al., 2002; APSIM-wheat, Asseng
et al., 1997a; APSIM-eucalyptus, Paydar et al., 2005).
The computation of the aeration stress factor varies in crop models.
Commonly, the air-ﬁlled pore space (AFPS=1 – soil moisture/satura-
tion) concept is used to drive the response function. A threshold value,
known as the critical AFPS value, is used to inhibit root growth or other
processes as soil moisture approaches saturation. Based on this concept,
various aeration stress functions have been conceptualized (Jones et al.,
1991; Asseng et al., 1997a, b; Calmon et al., 1999) and extended
(Bartholomeus et al., 2008; Šimůnek and Hopmans, 2009) or have been
implemented in simulation models (Qian et al., 2017; Hartmann et al.,
2017). In most cases, experimental data were not available and a cri-
tical AFPS value of about 5% has been used because it provided plau-
sible simulations (Asseng et al., 1997b) and because this value falls
within the range of observed values in experimental studies (Huck,
1970; Boru et al., 2003; Yamauchi et al., 2018).
The APSIM (Agricultural Production Systems sIMulator) platform is
widely used to model cropping systems, some of which may include WT
(Holzworth et al., 2018). As a result, eﬀorts have been undertaken to
include the impacts of WT on photosynthesis and root growth and death
for wheat (Asseng et al., 1997a), sugar cane (Keating et al., 1999) and
eucalyptus (Paydar et al., 2005). However, the default APSIM conﬁg-
uration for most models can only reduce crop yields under excessive
moisture conditions via a waterlogging stress factor on photosynthesis
and increased soil nitrogen losses via leaching and denitriﬁcation
(Martinez-Feria et al., 2016; Thorburn et al., 2010). In this study, we
develop and test an aeration stress factor to modify root growth in the
soybean crop model using comprehensive experimental datasets and
explore its generality for adoption in other crops models within APSIM.
Our speciﬁc objectives are to:
1) Test APSIM’s ability to simulate root depth inhibition due to ex-
cessive moisture.
2) Quantify root distribution, water and nitrogen uptake patterns in
response to WT.
3) Understand WT eﬀects on soil-crop-atmosphere processes via sce-
nario analysis.
Results from this study can assist subsequent model applications in
regions with shallow WT, while the approach and/or experimental data
can support improvements in other modeling platforms.
2. Materials and methods
2.1. Experimental data
We used two sets of soybean experimental data from central Iowa,
USA. The ﬁrst data set (Stanley, 1978; Stanley et al., 1980) had visual
observations (Rhizotron facilities) of root depth and root counts per
layer in response to nine WT treatments. Three treatments had static
WT at 75, 105 and 150 cm below the soil surface throughout the 1976
growing season and six treatments had temporal WT of about one-week
duration at diﬀerent growth stages in the 1977 season. The Rhizotron
dataset included also two irrigation treatments (one per year) without
WT inﬂuence. Soybean grain yields were recorded in the second year
and used for model testing.
Soybean (cultivar Wayne) was sown on 27 May 1976 and 13 May
1977. The Rhizotron consisted of 50 separate compartments
(38× 38 x 215 cm deep). Each compartment had about 5800 cm2 of
viewing area in one of the four walls. For both studies, water was
supplied from a reservoir, located outside the Rhizotron and entered
from the bottom of each compartment using a porous tube and water
level was controlled by indicator tubes. The water level indicator tubes
acted as overﬂow tubes and prevented the water tables from rising
above the desired level. For the static condition, WTs were maintained
by the use of constant head devices and water level in reservoir was
controlled by using additional large reservoir.
The second data set had three years (2016–2018) of destructive root
depth observations for a ﬁeld containing a dynamic WT in a central
Iowa, USA. Soybean (cultivar 932T16) was planted at 34 seeds m−2 and
row spacing of 76 cm the ﬁrst week of May every year without addition
of nitrogen fertilization. Crop production in this region is rainfed. Root
depths were measured with the soil core approach approximately every
10 days and the depth to water table with CTD-10 Decagon sensors
every hour (Ordonez et al., 2018). In terms of summer precipitation, the
year 2016 was normal (350mm), the 2017 year was dry (198mm) and
the 2018 year was wet (543mm).
The soil proﬁle characteristics for both Rhizotron and ﬁeld studies
are provided in Table S1. Additional information for all the data sets
can be found in Stanley (1978); Stanley et al. (1980); Togliatti et al.
(2017) and Ordonez et al. (2018).
2.2. Description of the APSIM model and simulation of root depth and
water tables
APSIM is an open source, ﬁeld-scale, model of farming systems that
contains crop and environmental components that can simulate soil-
crop-atmospheric processes at short- and long-time scales (Holzworth
et al., 2014; www.apsim.info). Simulations were conducted using
APSIM version 7.9 with models for soybean growth (Robertson et al.,
2002), soil water dynamics (Huth et al., 2012), soil and surface organic
matter dynamics (Probert et al., 1998) and crop management rules
(Moore et al., 2014).
The APSIM-soybean model simulates daily downward root increase
as a function of a potential root front velocity value (RFV, cm d−1), a
soil hospitality factor (XFi; 0-1 value) that accounts for soil physical and
chemical limitations (subscript i denotes layer number), a temperature
modiﬁer, and a soil water modiﬁer for drought and for excessive water
stresses conditions (Eq. 1):
dlt root depth=RFV * XFi* temp_factor * min (water_factor_droughti,
water_factor_excessi) (1)
Graphical illustrations of the stress functions and default coeﬃ-
cients are provided in Fig. 1. The drought water factor assumes that
downward root front growth is inhibited when soil moisture drops
below 25% of the plant extractable soil water range. The excessive
water stress factor was added for this study to inhibit downward root
front growth when soil moisture approaches saturation using formula-
tion similar to Paydar et al. (2005). Following the simulation of root
depth, the model simulates potential root water uptake (PRWU) as:
PRWU = (SWi – CLLi) × KLi (2)
where SWi is soil water content in each layer, CLLi is the crop lower
limit, and KLi parameter reﬂects the ability of the roots to extract water
(Peake et al., 2013). The soil proﬁle parameter values are provided in
Table S1.
Simulation of root depth aﬀects the distribution of root mass and
length in the model. Growth in root mass is calculated from daily
above-ground growth using a root to shoot ratio which varies with crop
growth stage. This value is converted to growth in root length using a
speciﬁc root length density (Zhao et al., 2015). Then the model calcu-
lates mass and length distributions along the soil proﬁle using a root
branching factor and the maximum rooting depth. This means that the
root distribution is an emergent property of the simulation process. If a
soil layer with roots is saturated with water, then water and nitrogen
uptake ceases from that layer due to lack of oxygen (Paydar et al.,
2005). The model also simulates root mass senescence using a ﬁxed rate
(0.5% of root mass is senesced per day).
The water table depth and the nature of the capillary fringe im-
mediately above this can be dynamically and mechanistically simulated
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using ﬂexible time-varying bottom boundary conditions within the
SWIM3 model (Verburg et al., 1996; Huth et al., 2012). The SWIM3
model provides a one-dimensional simulation of water ﬂuxes through a
numerical solution to the Richards equation. Vertical losses from the
soil proﬁle and water movement in the proﬁle are calculated depending
on the chosen bottom boundary condition. The experimental conditions
within the Rhizotron experiment were reproduced by specifying the
pressure head of the bottom boundary of the soil proﬁle in an APSIM
manager script to match the treatments imposed in the lysimeters. For
example, the 90 cm water table treatment with a 1-week duration prior
to ﬂowering was programed as: if day> 174 and day<181, then
bbc_potential = proﬁle depth – 90 cm, else, bbc_potential = 0. The zero
bbc_potential means that the WT is at the bottom of the speciﬁed pro-
ﬁle. For the ﬁeld study, a constant bottom boundary condition was
estimated from the daily WT measurements (see results).The soil
parameters for the SWIM3 model are provided in Table S1.
2.3. Model calibration, validation and goodness of ﬁt
Our goal was to establish the relationship between air-ﬁlled porosity
and degree of root depth inhibition (see x, y pair values in Fig. 1E) for
the excessive water stress factor and validate this function using in-
dependent datasets. For calibration we used data from the Rhizotron
experiment (two irrigated and nine WT treatments) and for validation
three years of ﬁeld data from central Iowa, USA. Knowing that many
parameters are involved in the root growth equation (Eq. 1) and to
avoid the equiﬁnality issue that is many diﬀerent sets of parameter
values can give the same result (Jones et al., 2011) we followed a step-
by-step calibration approach. The goal was to narrow down calibration
to the excessive water stress factor.
First, we retained the drought stress factors at default values
(Fig. 1). Second, the XF parameter was set to 1 as there was no known
soil physical and chemical constrains in the proﬁle. Third, we set the
optimum soil temperature for soybean root front growth to be from 12
to 25 °C (Fig. 1C) based on analysis of ﬁeld and Rhizotron root data and
APSIM model simulations of soil temperatures per layer (Figs. S1 and
S2). In both cases, the root front experienced temperatures from 12 to
25 °C and the RFV was constant indicating that temperature within that
range is not limiting root growth. Below 12 °C, we assumed temperature
to inhibit RFV (Stone et al., 1983). Overall, activation of the tempera-
ture factor had no impact in this study, but for scenario planning or
model use in cold environments it may be useful. Wang et al. (2002)
also reported that the temperature factor on root growth is less im-
portant in summer than winter crops because RFV is at a nearly con-
stant rate (see also our results).
Fourth, we estimated the RFV values and phenological parameters
for the cultivar (“Wayne”) used in the Rhizotron experiment. The
phenological life-cycle parameters were derived from Archontoulis
et al. (2014) and the RFV values estimated from the two irrigated
treatments. The derived RFV parameters are shown in Fig. 1A and the
goodness of ﬁt in Fig. S3. For the ﬁeld experiment, validation dataset,
the cultivar parameters (“932T16″) were taken from Togliatti et al.
(2017) and the RFV values shown in Fig. 1A. The parameter values for
all cultivars used in this study are listed in Table S2.
Finally, we assumed a linear relationship between AFPS and ex-
cessive water stress factor (Fig. 1E) similar to other studies in the lit-
erature (Feddes et al., 2001). Then we performed a series of simulations
using diﬀerent critical AFPS values. The value that resulted in the
lowest simulated root mean square error (RMSE) was chosen as the
critical AFPS (Fig. 2). Model goodness of ﬁt was assessed by calculating
the RMSE, the R2, and the slope of the 1:1 plot.
Fig. 1. Factors involved in the simulation of root depth increase in the APSIM soybean model and their parameter values (see also Eq. 1). Panel A: root front velocity
versus crop stage (sow= sowing; ger= germination; eme= emergence; juv= end of juvenile; ﬁ= ﬂoral initiation; ﬂ= ﬂowering; st_gf= start grain ﬁll;
end_gf= end of grain ﬁll period; mat=maturity). Panel B: the XF parameter reﬂects soil physical and/or chemical constraints in the soil proﬁle. Panel C: soil
temperature eﬀect (x_temp_root_advance) on the rate of root growth. Panel D: drought stress eﬀect on root growth (SW: soil water; LL: drained lower limit; DUL:
drained upper limit). Panel E: excessive moisture eﬀects on the rate of root growth. Note that the actual names used in the APSIM model are used in the XY axes. With
the exception of the root front velocity factor that has actual unit, all other factors are 0–1 modiﬁers. Solid black lines represent APSIM version 7.9 default values.
Colored solid lines represent values derived in this study. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article).
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2.4. Scenario modeling
We used the ﬁeld set up of the APSIM soybean model (v. 7.9) to
explore the impact of diﬀerent WT levels (shallow ˜ 60 cm, middle ˜
120 cm, and deep ˜ 240 cm from soil surface) on soil–crop–atmosphere
processes including root depth, soil water evaporation, plant tran-
spiration, runoﬀ, drainage, denitriﬁcation, leaching, soil organic matter
mineralization, excessive moisture stress and yield. Each simulation
included 37 years (1980–2017). The simulation was reinitialized on
January 1 every year to provide similar soil water and organic matter
levels. The same soybean cultivar and management were used in every
simulation (Table S3). A reduction in the radiation use eﬃciency was
employed when 80% of the roots are under saturated conditions by
activating the waterlogging function (Fig. S4). A simulation for irri-
gated soybean was added to provide better understanding of the impact
of water coming from the bottom of the proﬁle (WT) versus the impact
of water coming from the top of proﬁle (irrigation) on soil-crop-atmo-
sphere processes. In this simulation, irrigation was applied from June
1st to August 31st when soil moisture dropped below ﬁeld capacity by
more than 10mm. We implemented that by using an irrigation rule
(irrigate on soil water deﬁcit) available in APSIM management toolbox.
Results were analyzed using box plots and regression analysis.
3. Results
3.1. Simulation of root depth
The addition of a calibrated factor for excessive soil moisture
(Figs. 1E and 2) in the model increased APSIM’s accuracy (R2 0.65 to
0.97 and RMSE from 46 cm to 9.6 cm) in simulating root depth in the
calibration dataset (Figs. 3 and 4). The impact of this improvement was
larger in the static WT treatments than temporal because of the per-
manent inhibition on root growth with the longer WT duration (Figs. 3
and 4).
The critical AFPS value of 0.03mm/mm provided the lowest RMSE
in the simulation of root depth (Fig. 2). Below that value, the model
inhibits downward root growth only for the short period that soil
moisture is close to saturation. This simple approach worked very well
as demonstrated by the root depth simulations in the temporal WT
treatments (Fig. 3, panels A and D). In these treatments, the roots
continued to grow downwards at nearly the same rate as before the WT
was imposed. The model was able to accurately simulate the eﬀect of
the timing of WT treatments. Root depth was aﬀected prior to ﬂow-
ering, but not aﬀected during pod set as vertical root growth had been
completed (Fig. 3).
The calibrated model explained 96% of the variability in root depth
in the ﬁeld datasets (Fig. 4C). The fact that the model was able to ac-
curately simulate root depth dynamics across three very diﬀerent years
in terms of precipitation amounts and WT patterns indicates that the
calibrated model is suitable for further use (Fig. 5).
3.2. Simulation of root distribution, water and N uptake and crop yields
Both measurements and simulations indicated that the maximum
root depth had a substantial impact on the distribution of the roots
through the soil proﬁle (Fig. 6). In terms of temporal dynamics for total
root growth, APSIM root length simulations and measured root counts
followed similar patterns (Fig. S5), which suggest that APSIM simula-
tions were directionally correct. However, the eﬀect of WT on the
vertical distribution of roots does require further investigation. Root
counts in the Rhizotron study indicate proliferation of roots within the
capillary fringe of the WT while the model allocated more roots uni-
formly across the proﬁle (Fig. 6).
Analysis of simulated water and nitrogen uptake per layer revealed
diﬀerent patterns among treatments (Fig. 7). Diﬀerences were more
pronounced in water uptake than nitrogen most likely because of the
inﬂuence of N ﬁxation on the N uptake patterns. Water uptake in irri-
gated plants followed an exponential decline with depth. The 75 cm WT
treatment extracted more water from the 0–75 cm proﬁle compared to
irrigation, while the 150 cm WT treatment extracted more water from
the 75–150 cm proﬁle compared to irrigation (Fig. 7).
The APSIM model explained 77% of the variability in soybean yields
with a RMSE of 8.5 g/plant (Fig. 8a). The yield of the irrigated treat-
ment in 1977 outperformed all of the WT treatments in that year be-
cause of the relatively dry ﬁrst half of the season. The early season WT
treatments reduced the drought stress by supplying some of the water
deﬁcit (Fig. 8b). The 45 cm WT treatment added more water in the
proﬁle than the 90 cm WT treatment resulting in somewhat higher
yields (Fig. 8a). The addition of water with the late season WT treat-
ments was too late to reduce water stress and so yields were low. The
model used here only accounts for the impact of WT on root growth and
subsequent water supply and yet was able to capture most of the eﬀects
of the treatments. This gives support to the hypothesis of Stanley et al.
(1980) that yields in the temporary WT treatments was aﬀected more
by water stress than by root damage.
3.3. Simulating impacts of shallow water tables on soil-crop-atmosphere
processes
The scenario modelling showed that WT levels aﬀected soil-crop-
atmospheric processes in diﬀerent ways (Fig. 9). Shallow WT levels
increased runoﬀ, soil water evaporation, aeration stress and deni-
triﬁcation but decreased root depth, drainage and N leaching compared
to deep WT levels. Variables like gross N mineralization, grain yield,
plant transpiration, and N uptake showed a complex pattern with
higher values near the middle WT level and lower values at shallow or
deep WT levels.
Comparing WT treatments with the irrigation treatment, we found
that gross N mineralization beneﬁted the most from irrigation because
soil carbon is mostly concentrated in the top soil. A yield gap between
irrigated and deep WT was noticeable (˜ 13%), but no yield gap was
noticeable between middle/shallow WT and irrigated yields (Fig. 9).
The simulated yields were the most variable in the shallow WT treat-
ments (coeﬃcient of variation of 23%).
Fig. 2. Simulated root depth root mean square error (RMSE) response to critical
air ﬁlled pore space (AFPS) values used in Fig. 1E expressed as actual diﬀer-
ences or as percent from saturation. The left panel indicates simulation in which
the AFPS function has been turned oﬀ. The value of 0.03mm/mm (equivalent
to 6.5%) had the lowest RMSE in the static water table (WT) treatment. SW:
actual volumetric soil water content, SAT: saturated volumetric water content.
E. Ebrahimi-Mollabashi, et al. Field Crops Research 236 (2019) 58–67
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4. Discussion
To eﬀectively simulate excessive moisture impacts on soil-crop-at-
mosphere processes, crop models should be able to simulate both
shallow WT dynamics and have the appropriate mechanisms to re-
present excessive moisture eﬀects on soil-crop-atmosphere processes. In
this study, we focused on the simulation of root depth that is highly
regarded as a key process determining resource availability to crop and
water/nitrogen loss to the environment (Malone et al., 2007; Bowles
et al., 2018). Despite their importance, root data are scare and valida-
tion of crop models has been mainly focused on their ability to re-
produce above-ground biomass and yield as such data are readily
available (Wang and Smith, 2004).
We provided a data-driven estimate of the critical AFPS value for
root growth. Our results agree with values used in modeling studies that
lack experimental data (Asseng et al., 1997a, b; Paydar et al., 2005).
Most importantly, our results showed that the accuracy of model pre-
dictions is not sensitive to the value of AFPS within the range
0.03 ± 0.03mm/mm (Fig. 2). The presence of a factor to capture the
interaction between root depth and WT is more important than the
exact parameterisation as shown in Fig. 4A. This encouraging result
means that this function with its current parameterization could pos-
sibly be transferred to other crop models included in the APSIM plat-
form. In fact, we tested this by using the APSIM-maize model and maize
root datasets from central Iowa (Ordonez et al., 2018) and simulations
were accurate (data not shown but simulations were similar to those
shown in Figs. 4C and 5). Lastly, it should be noted that the sensitivity
of AFPS may be aﬀected by soil texture. Our results derived from a
loamy soil; in sandy soils we believe the sensitivity of the AFPS para-
meter will be even lower while in clay soils somewhat higher than the
present results due to diﬀerences in the shape of the capillary fringe
above the water table.
Fig. 3. Simulated (black lines) and measured (open squares) soybean root depths as aﬀected by nine shallow water table (WT) treatments indicated with a light blue
color. Data are from the Rhizotron experiment and refer to the calibration dataset. Treatments description and evaluation metrics are provided in each panel. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).
Fig. 4. Simulated vs measured soybean root depths before calibration (panel A, AFPS function is oﬀ), after calibration using the Rhizotron experiments (panel B,
AFPS= 0.03mm/mm) and testing using ﬁeld data.
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In addition to root depth, the APSIM model adjusted the distribution
of root length and water uptake through the proﬁle in response to WT
treatments (Figs. 6 and 7). This was mainly driven by changes in the
maximum root depth as also observed in experimental data (Stanley
et al., 1978; Ahmad, 1991). However, the simulated water uptake and
root length distribution patterns were quite diﬀerent in the static
150 cm WT treatment. Reicosky et al. (1972) found a poor relationship
between soybean root length distribution and water uptake in their
Fig. 5. Simulated (green lines) and measured (green cycles) soybean root depths in response to shallow water table (WT; blue triangles measured and blue line APSIM
model simulated water table) over three years. Data are from a ﬁeld experiment in central Iowa, USA and refer to the validation dataset. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article).
Fig. 6. Measured root counts per layer (panels A, B, C) and simulated root length per layer (panels D, E, F) as aﬀected by water tables and irrigation treatment.
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study as a small amount of roots near the capillary fringe absorbed most
of the water. This explains the diﬀerent patterns between root length
distribution and water uptake in the 150 cm WT treatment and in-
dicates that APSIM’s current approach to simulate water uptake in re-
sponse to WT provides reasonable results.
Future work should validate APSIM’s emergent root and water up-
take patterns under WT treatments with particular emphasis on the
allocation of new roots as well as senescence of roots when root growth
is inhibited by WT. Root count data (Figs. 6) and root weight data
(Reicosky et al., 1972) suggest production of more new roots near the
WT than APSIM currently allocates. Approaches used previously in
APSIM for local proliferation of roots for eucalyptus near WT (Paydar
et al., 2005) should be explored for crops such as soybean.
In terms of root senescence, soybean roots located below the WT
level did not become discolored and remained viable according to
Stanley et al. (1980) when WT imposed at pre or post-ﬂowering stages.
When WT imposed at the post pod-set period, roots below the WT level
became discolored after WT removal. This indicates that the tolerance
of soybean roots to temporary WT is crop stage dependent, a me-
chanism that is not yet present in APSIM.
Analysis of the simulated yields (Fig. 8) revealed that temporal WT
treatments compensated for part of the observed water stress during the
dry experimental season (Fig. 8). In our case, WT provided a yield
beneﬁt, however, it is very common for WT to cause a yield penalty or
even a crop failure in wet years (Nosetto et al., 2009; Florio et al.,
2014). The APSIM model has a waterlogging factor that decreases ra-
diation use eﬃciency when a fraction of roots are saturated with water
(user deﬁned fraction; see Fig S4). Activation of this function did not
impact simulated yields (Fig. 8) in this relative dry year. However, the
scientiﬁc literature shows that waterlogging aﬀects more than just
photosynthesis, with crop development, leaf N concentrations and se-
nescence also being aﬀected (Board, 2008, Shaw et al., 2013; Najeeb
et al., 2015). Furthermore, the sensitivity of crops to excessive soil
water changes with growth stage (Kanwar et al., 1998; Asseng et al.,
1997b). Future work should explore inclusion of more mechanisms into
models such as APSIM.
In a recent review, Warren et al. (2015) stated that the limited re-
presentation of roots in crop models is partially a consequence of a lack
of data, but also a consequence of the fact that crop models re-
presentation of above ground processes appears to work fairly well with
little representation of roots under current climatic conditions. We
agree, however, given the increasing importance of weather variability
on N cycling, soil health and crop yields (Bowles et al., 2018), we
suggest that simulation models should be further enhanced to accom-
modate research across the full spectrum of water stress (from too little
to too much water).
Our scenario analysis provided an overview of WT eﬀects on soil-
crop-atmospheric processes for the ﬁrst time. This analysis showed that
soybean yields are less sensitive to WT levels than soil processes such as
denitriﬁcation and runoﬀ (Fig. 9). Published experimental data on
Fig. 7. Simulated total water and nitrogen uptake within the soil proﬁle in response to three treatments: static water table (WT) at 75 cm and 150 cm through the
growing season and irrigation.
Fig. 8. Panel A: measured versus simulated soybean yields in year 1977 of the
Rhizotron experiment. Panel B: Simulated soil water in the proﬁle in response
to ﬁve treatments (irrigation, water table at 45 or 90 cm during pre-ﬂowering
period, and water table at 45 or 90 cm below the surface during the post pod-set
growth stage).
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various crops (Nosetto et al., 2009; Florio et al., 2014; Mejia et al.,
2000; Kaur et al., 2017) show a somewhat larger yield response to WT
than found in this study. This may be due to limitations in the model as
described above or due to the fact that WT aﬀects diﬀerent processes in
diﬀerent directions that may result in a neutral eﬀect on yields (Fig. 9).
Another interesting result from the scenario analysis was the eﬀect of
WT depth on the magnitude of N loss and its partitioning between
denitriﬁcation and N leaching. Total soil N loss was enhanced in the
shallow WT scenario and occurred primarily via denitriﬁcation (Fig. 9).
This result agrees with a recent experimental study across 43 locations
in the US Corn Belt (Qin et al., 2018), which reported that the economic
optimum nitrogen fertilization rate to maize was higher in soils with
shallow WT due to N loss.
5. Conclusions
We improved the simulation of root depth in the APSIM soybean
model for situations with shallow water tables. The model provided
Fig. 9. Simulated eﬀects of water table depth or irrigation on soil-crop-atmosphere processes. In the irrigation simulation the depth to the water table was below
240 cm. Box plots reﬂect 37 years of weather variability. Deep, middle and shallow water table refer to an average annual level of 240, 120, and 60 cm below the soil
surface. Black arrows indicate information ﬂow and grey arrows feedbacks in the model. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article).
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reasonable simulations of root length distribution and water uptake
patterns, which were aﬀected by water table levels. Scenario analysis
provided useful insight to understand soil-crop-atmosphere processes
and trade-oﬀs. Model accuracy was not sensitive to the exact value of
the calibrated air-ﬁlled pore space parameter and thus the improve-
ment made in the soybean model can potentially be used for all crop
models included in APSIM. Future research should improve re-
presentation of excessive moisture eﬀects on plant processes included in
APSIM such as vertical root distribution, phenology, leaf N concentra-
tion and senescence towards more accurate simulations.
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